Class I histone deacetylase (HDAC) inhibitors block hypertrophy and fibrosis of the heart by suppressing pathological signaling and gene expression programs in cardiac myocytes and fibroblasts. The impact of HDAC inhibition in unstressed cardiac cells remains poorly understood. Here, we demonstrate that treatment of cultured cardiomyocytes with small molecule HDAC inhibitors leads to dramatic induction of c-Jun amino-terminal kinase (JNK)-interacting protein-1 (JIP1) mRNA and protein expression. In contrast to prior findings, elevated levels of endogenous JIP1 in cardiomyocytes failed to significantly alter JNK signaling or cardiomyocyte hypertrophy. Instead, HDAC inhibitor-mediated induction of JIP1 was required to stimulate expression of the kinesin heavy chain family member, KIF5A. We provide evidence for an HDAC-dependent regulatory circuit that promotes formation of JIP1:KIF5A:microtubule complexes that regulate intracellular transport of cargo such as autophagosomes. These findings define a novel role for class I HDACs in the control of the JIP1/kinesin axis in cardiomyocytes, and suggest that HDAC inhibitors could be used to alter microtubule transport in the heart.
Introduction
Histone deacetylases (HDACs) catalyze removal of acetyl groups from lysine residues in numerous proteins. HDACs have mainly been studied in the context of chromatin, where they deacetylate nucleosomal histone tails and alter the electrostatic properties of chromatin in a manner that represses or promotes gene expression. However, HDACs have non-histone substrates, and proteomic studies have revealed that thousands of proteins undergo reversible lysine acetylation [1] [2] [3] .
The 18 mammalian HDACs are clustered into four classes: class I HDACs (1, 2, 3 and 8), class II HDACs (4, 5, 6, 7, 9 and 10), class III HDACs (SirT 1-7) and class IV (HDAC11) [4] . Class II HDACs are further separated into two subclasses, IIa (HDACs 4, 5, 7 and 9) and IIb (HDACs 6 and 10). Class I, II and IV HDACs are zinc-dependent enzymes, while class III HDACs, which are also known as sirtuins, require NAD + as a co-factor for catalytic activity.
In response to pathological stresses such as myocardial infarction and chronic hypertension, the heart undergoes a remodeling process that is typified by cardiomyocyte hypertrophy and interstitial fibrosis [5] . Pathological cardiac remodeling can result in impaired systolic and diastolic ventricular function, and ultimately heart failure. Heart failure currently afflicts approximately 6 million adults in the United States alone, and this number is projected to rise to 8 million by 2030 [6] . Given that the 5-year mortality rate following first admission for heart failure is over 40%, there is a crucial need to develop novel therapeutic strategies for this devastating condition.
Small molecule inhibitors of HDACs have shown promise in a variety of pre-clinical models of heart failure [7] . For example, trichostatin A (TSA) is able to reverse pre-existing cardiac hypertrophy and left ventricular (LV) dysfunction in a mouse pressure overload model [8] . TSA is a 'pan' inhibitor that targets all zinc-dependent HDACs [9] , and it has long been postulated that the anti-hypertrophic action of pan-HDAC inhibitors is due to blockade of class I HDAC activity [10] . Consistent with this notion, experiments with cultured cardiomyocytes have implicated class I HDACs in the control of cardiac hypertrophy [11] . In vivo, a derivative of apicidin, which is a fungal metabolite that selectively inhibits class I HDACs, partially blocked cardiac hypertrophy in a mouse pressure overload model [12] . More recently, apicidin itself was found to reduce hypertrophic gene expression in response to pressure overload in mice [13] . Furthermore, selective class I HDAC inhibition with Mocetinostat (MGCD0103) blocked cardiac fibrosis in response to chronic angiotension II infusion [14] , and blunted progression of cardiac fibrosis in a chronic rat MI model, resulting in improved function of the heart [15] .
Class I HDACs, particularly HDACs -1, -2 and -3, are canonical epigenetic regulatory proteins. These HDACs are present in the nucleus in large multi-protein complexes referred to as Sin3, NuRD, CoREST and NCoR/SMRT, which are recruited to gene regulatory elements by sequence-specific DNA binding transcription factors [16, 17] . Consistent with this function, suppression of cardiac hypertrophy and fibrosis by class I HDAC inhibitors have been linked to changes in gene expression. For example, HDAC inhibitor treatment of cardiomyocytes leads to increased expression of the anti-hypertrophic transcription factor, krüppel-like factor 4 (KLF4) [18] and increased expression of an anti-hypertrophic microRNA (miR-9) [19] , with subsequent blunting of cardiomyocyte growth. In cardiac fibroblasts, HDAC inhibitors trigger cyclin-dependent kinase inhibitor gene expression, which limits expansion of fibrogenic myofibroblasts [14, 20] , and they stimulate expression of miR-133, which suppresses pro-fibrotic gene expression [21] .
Emerging data also demonstrate a role for class I HDACs in the control of cardiac kinase signaling networks. Class I HDAC inhibition in the heart was shown to promote expression of tuberous sclerosis complex 2 (TSC2), which is an inhibitor of pro-hypertrophic mechanistic target of rapamycin (mTOR) kinase signaling [13] . Furthermore, we have found that class I HDAC inhibition blocks cardiomyocyte hypertrophy by suppressing extracellular signal-regulated kinase (ERK) through upregulation of a mitogen-activated protein kinase (MAP kinase) phosphatase, DUSP5, which dephosphorylates ERK1/2 [22] .
The present study was designed to further address the potential of class I HDACs to influence cardiomyocyte MAP kinase signaling. We demonstrate that class I HDAC inhibition stimulates dramatic expression of the c-Jun amino-terminal kinase (JNK)-interacting protein-1 (JIP1) scaffolding protein in cardiomyocytes. Surprisingly, JIP1 does not markedly affect JNK signaling in the cells. Instead, JIP1 regulates expression of kinesin heavy chain isoform 5A (KIF5A), and promotes association of KIF5A with microtubules. These findings suggest a previously unrecognized role for class I HDACs in the control of microtubule dynamics in cardiomyocytes.
Materials and methods

Reagents
Trichostatin A (TSA) was obtained from Sigma and used at a final concentration of 200 nM. MGCD0103 was purchased from Selleck Chemicals and used at 1 µM final concentration. Phenylephrine (PE) and actinomycin D were purchased from Sigma and used at final concentrations of 10 µM and 1 µg/mL, respectively.
Neonatal rat ventricular myocytes
Neonatal rat ventricular myocytes (NRVMs) were prepared from hearts of 1-to 3-day old Sprague Dawley rats, as previously described (22) . Cells were cultured overnight on plates coated with gelatin (0.2%; Sigma) in Dulbecco's Modified Eagle's Medium (DMEM) containing calf serum (10%), L-glutamine (2 mM), and penicillin-streptomycin. After overnight culture, cells were washed with serum-free medium and maintained in DMEM supplemented with L-glutamine, penicillin--streptomycin, and Neutridoma-SP (0.1%; Roche Applied Science), which contains albumin, insulin, transferrin, and other defined organic and inorganic compounds. For the starvation experiments shown in Fig. 7 , NRVMs were maintained in Neutridoma-containing DMEM for 24 h followed by Neutridoma-free medium for 24 additional hours. Finally, cells were shifted to Neutridoma-free DMEM without glucose for 8 h prior to preparing protein homogenates for immunoblotting.
Adenovirus production
Recombinant adenoviruses encoding shRNAs to target rat JIP1 were prepared using the BLOCK-it™ Adenoviral Expression System (Invitrogen). Oligonucleotide targeting sequences are shown in Table 1 . Top and bottom strands were annealed and ligated into the pENTR/U6 vector (Invitrogen). Positive subclones were recombined with the pAd/BLOCKit™-DEST vector (Invitrogen) and then transfected into 293A cells using Fugene 6 (Roche). PCR was employed to construct full-length JIP1 (JIP1-FL, amino acids 1-707) and Nterminally truncated JIP1 (JIP1-ΔN, amino acids 94-707) expression vectors using mouse JIP1 as a template (Addgene plasmid #51699) [23] . JIP1-FL was cloned into pcDNA3.1 with an in-frame N-terminal FLAG epitope tag. JIP1-ΔN was cloned into pcDNA3.1 with an in-frame N-terminal Myc epitope tag. Next, both cDNAs were excised and subcloned into pENTR2b. LR-recombination was then performed to transfer the JIP1 cDNAs from pENTR2b to pAd-CMV-V5 DEST. Recombined viral vectors were transfected into 293A cells using polyethyleneimine (PEI). Viruses were amplified and recovered from 293A cells, and titered using the Sea-Plaque agarose method. All viruses were used at a multiplicity of infection (MOI) of 50 at the time of plating.
Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer (RIPA) containing 50 mM Tris (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40 and HALT™ protease/phosphatase inhibitor mixture (Thermo Fisher). Cellular lysates were sonicated before clarification by centrifugation. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes (BioRad) and probed with antibodies for JIP1 (Santa Cruz Biotechnology, sc-25267), total JNK (Santa Cruz Biotechnology, sc-474), phospho-JNK (Cell Signaling Technology, 4668), cFos (Cell Signaling Technology, 4384), acetylhistone H3 (Cell Signaling Technology, 4499), KIF5A (Abcam, ab5268), calnexin (Santa Cruz Biotechnology, sc-11397), Myc (Santa Cruz Biotechnology, sc-40), and GAPDH (Invitrogen, AM4300). Immunoblotting with an anti-LC3 antibody (Sigma, L7543) was performed using PVDF membrane (BioRad).
Indirect immunofluorescence
NRVMs were fixed with 4% paraformaldehyde at room temperature for 10 min. Cells were permeabilized with PBS containing 0.2% Triton X-100 for 15 min, and blocked with PBS containing 10% FBS for 30 min at room temperature. Then, cells were incubated in primary antibodies (Myc, Santa Cruz Biotechnology, sc-40, 1:200; FLAG, Sigma, F1804, 1:200; α-actinin, Sigma, A7811L, 1:1000) for 1 h. Secondary antibodies (Anti Mouse Alexa Fluor ® 488, A11029, 1:1000; Anti Rabbit Alexa Fluor ® 488, A11034, 1:1000) were applied for 30 min at room temperature. Coverslips were mounted on glass slides using mounting medium (Vector Laboratories, H-1200). Confocal images were obtained via an Olympus FLUOVIEW FV1000 confocal laser scanning microscope (UC Denver, Advanced Light Microscopy Core). For data shown in Fig. 6 , NRVMs were grown on gelatin-coated 6-well plates and stained with primary antibodies for α-tubulin (Santa Cruz, sc-23948, 1:1000), acetyl-tubulin (Santa Cruz, sc-23950, 1:200) and α-actinin (Sigma, A7811, 1:200), and secondary antibodies (Anti Mouse Alexa Fluor ® 488, A11029, 1:1000; Anti Mouse Alexa Fluor ® 555, A21422, 1:1000). Images were captured using EVOS FL Cell Imaging System (Life Technologies, AMF4300). NRVM cell area was quantified based on α-actinin staining using Image J software.
Quantitative PCR analysis
For assessment of JIP1, KIF5A, KIF5B and KIF5C mRNA expression, RNA was harvested from NRVMs using Trizol, as previously described (Spiltoir et al., 2013). cDNA was prepared with the VERSO cDNA Synthesis Kit (Life Technologies) and qPCR was accomplished with DyNAmo Flash SYBR Green qPCR kit (Life Technologies) using a StepOnePlus Real-Time PCR System (Life Technologies). Relative expression was calculated using the 2 −ΔΔCT method with normalization to 18S RNA expression. qPCR primer sequences are shown in Table 1 .
RNA-sequencing analysis
RNA was harvested from NRVMs using the Roche High Pure RNA Isolation Kit, and cDNA sequencing libraries were prepared using the Ovation RNA Seq System V 1-16 for Model Organisms (Rat) (NUGEN). Libraries were sequenced by the University of Colorado Denver Genomics and Microarray Core on a HiSeq 2500 (Illumina). All analysis was performed using Rat RN5 genome and RN5 RefSeq gene annotations. Raw and processed RNA-seq data were deposited to the GEO online database (http://www.ncbi.nlm.nih.gov/geo/) under accession numbers GEO: (GSE102609). All RNA-seq datasets were aligned to the transcriptome using Tophat2 (version 2.0.11) (http://www.genomebiology.com/ 2013/14/4/R36/abstract). Gene expression values were quantified using Cufflinks and Cuffnorm (version 2.2.0) [24] .
Microtubule binding assay
The procedure was performed according to the manufacturer's instructions (Cytoskeleton, CO, US), with slight modifications. Briefly, NRVMs plated on 10-cm plates (1.8 × 10 6 / plate) were infected with Ad-shControl or Ad-shJIP1 at the time of plating for 24 h prior to treatment with TSA or vehicle control for 48 additional hours. NRVMs were lysed in HEM buffer (80 mM HEPES pH 6.8, 5 mM MgCl 2 , 2 mM EGTA, 0.15% (v/v) Triton X-100 containing HALT™ protease/phosphatase inhibitor mixture (Thermo Fisher)) and protein lysates (250 µg) were mixed with taxol-stabilized microtubules (0.4 nM). Reactions were incubated at room temperature for 30 min and subsequently loaded onto taxol-supplemented cushion buffer and centrifuged at 100,000 × g for 40 min at room temperature. Soluble fraction and pellets (microtubule fractions) were equilibrated in Laemmli buffer, resolved by SDS-PAGE, and analyzed by immunoblotting.
Results
HDAC inhibition stimulates JIP1 expression in cardiomyocytes
We previously demonstrated that class I HDAC inhibition potently suppresses phosphorylation of JNK in cardiomyocytes [22] . JIP1 is a scaffold protein that can positively or negatively regulate JNK signaling depending on its abundance [25] . To begin to address whether JIP1 plays a role in HDAC inhibitor-mediated suppression of JNK phosphorylation, cultured neonatal rat ventricular myocytes (NRVMs) were treated for 48 h with TSA, and JIP1 protein levels were assessed by immunoblotting. Expression of two isoforms of JIP1 was dramatically increased in TSA-treated NRVMs, but not in cells exposed to vehicle control or the hypertrophic agonist phenylephrine (PE) (Fig. 1A) . The two JIP1 isoforms, referred to as JIP1 long (L) and JIP1 short (S), were also stimulated by the class I HDAC inhibitor, MGCD0103, in either the absence or presence of PE (Fig. 1B) . Elevated JIP1 levels correlated with reduced basal and PE-stimulated JNK phosphorylation (Fig. 1A and  B) .
The transcription inhibitor, actinomycin D, was employed to test whether HDAC inhibitors enhance JIP1 expression via a transcriptional or post-transcriptional mechanism (Fig. 1C) . Pre-treatment of NRVMs with actinomycin D for 30 min blocked the ability of TSA to induce JIP1 protein expression (Fig. 1D) . Consistent with this, both TSA and MGCD0103 stimulated JIP1 mRNA expression in NRVMs, as determined by qPCR analysis (Fig. 1E) .
Next, an experiment was conducted to compare the kinetics of TSA-mediated JIP1 induction to the ability of the HDAC inhibitor to block agonist-dependent JNK phosphorylation. NRVMs were pre-treated with TSA for 2, 4, 8, 24 or 48 h prior to stimulation with PE for 2 h. Strikingly, as JIP1 levels rose in TSA-treated NRVMs, there was concomitant suppression of agonist-induced JNK phosphorylation (Fig. 1F) . The correlation was most pronounced with JIP1 (L), which was prominently induced 24 h post-TSA treatment, when phospho-JNK levels reached a nadir.
JIP1 does not govern HDAC inhibitor-mediated suppression of JNK
Gain-and loss-of-function experiments were performed to directly address whether JIP1 controls JNK phosphorylation in cardiomyocytes. Adenoviruses were constructed to overexpress full-length JIP1 (JIP1-FL) and an N-terminally truncated version of JIP1 (JIP1-ΔN) ( Fig. 2A) . Rationale for creating the truncation mutant was based on a prior description of a form of JIP1 produced via an internal start methionine residue, methionine-101 [26] . Upon infection of NRVMs with the viruses, both proteins were efficiently expressed and localized to the cytoplasmic compartment (Fig. 2B ). Ectopic expression of either JIP1-FL singly or in combination with JIP1-ΔN blunted PE-induced JNK phosphorylation, while JIP1-ΔN alone failed to impact JNK phosphorylation in NRVMs (Fig. 2C) . Note that we refer to these proteins as JIP1-ΔN and JIP1-FL because we have not confirmed that they are identical to JIP1 (S) and JIP1 (L), respectively. Subsequently, adenovirus encoding shRNA targeting JIP1 mRNA transcripts (Ad-shJIP1) was employed to knockdown endogenous JIP1 expression. Ad-shJIP1 infection of NRVMs led to dramatic reduction in basal and TSA-induced JIP1 expression compared to cells infected with Ad-shControl (Fig. 2D, top panel) . Although JIP1 knockdown appeared to modestly blunt PE-mediated JNK phosphorylation, it failed to rescue JNK phosphorylation in the presence of TSA (Fig. 2D, middle panel) . Thus, although ectopic JIP1-FL was sufficient to suppress JNK phosphorylation (Fig. 2C) , the mechanism by which HDAC inhibitors block JNK phosphorylation does not appear to involve upregulation of endogenous JIP1, since TSA still inhibited JNK in NRVMs where JIP1 expression was nearly undetectable.
JIP1 controls HDAC inhibitor-mediated gene expression in cardiomyocytes
Whole transcriptome RNA-seq analysis was performed to further explore the functional consequences of JIP1 induction by HDAC inhibitors in cardiomyocytes. NRVMs were infected with Ad-shControl or Ad-shJIP1 for 24 h prior to treatment with TSA or vehicle control for 48 additional hours. TSA significantly altered expression of 1762 mRNA transcripts in a positive or negative manner, as illustrated by the heat map (Fig. 3A) . For 362 TSA-regulated genes, JIP1 knockdown significantly reversed expression by at least 10%. Gene set enrichment analysis (GSEA) of this subset revealed that JIP1 controls expression of genes associated with cytoskeletal dynamics and vesicle trafficking (Fig. 3B) . We then focused on TSA-regulated genes that were completely returned to baseline by JIP1 knockdown. Network interaction analysis of this subset indicated the magnitude and direction of the expression changes between JIP1 knockdown NRVMs treated with TSA and control cells treated with TSA (Fig. 3C) . Expression of the gene encoding the KIF5A motor protein was the most dramatically induced by TSA, and brought to baseline levels in NRVMs in which JIP1 was knocked down.
HDAC inhibition stimulates cardiomyocyte KIF5A expression in a JIP1-dependent manner
Quantitative PCR analysis of RNA from independent samples confirmed that TSA stimulates KIF5A mRNA expression in NRVMs through a mechanism that is dependent on JIP1 (Fig. 4A) . TSA did not stimulate expression of the related kinesin heavy chain family member, KIF5B, although a modest induction of the transcript was noted in JIP1 knockdown cells (Fig. 4B) . In contrast, TSA robustly increased expression of a third family member, KIF5C, but this occurred in a JIP1-independent manner (Fig. 4C) . These findings suggest that JIP1 predominantly regulates KIF5A expression in cardiomyocytes. Interestingly, ectopic expression of JIP1-ΔN or JIP1-FL, in the absence of an HDAC inhibitor, failed to induce KIF5A mRNA expression, demonstrating that JIP1 is necessary but not sufficient to stimulate the gene encoding this kinesin family member (Fig. 4D ).
Increased expression of JIP1 protein in NRVMs treated with TSA correlated with enhanced production of KIF5A protein levels (Fig. 4E) . Adenoviruses encoding shRNAs that target distinct regions of the JIP1 mRNA transcript equivalently reduced TSA-mediated stimulation of KIF5A protein expression, suggesting an on-target mechanism-of-action. Furthermore, JIP1 knockdown effectively blunted KIF5A protein expression in NRVMs treated with the class I HDAC inhibitor, MGCD0103 (Fig. 4E) , illustrating a role for HDAC1, -2 and/or -3 in the control of this kinesin family member.
HDAC inhibition in cardiomyocytes increases the capacity of KIF5A and JIP1 to bind to microtubules
JIP1 has been shown to regulate organelle transport along microtubules by binding to kinesin heavy chain proteins [27] . As such, an experiment was performed to address the possibility that HDAC inhibition in cardiomyocytes increases microtubule binding activity of KIF5A and JIP1 (Fig. 5A ). NRVMs were infected with Ad-shControl or Ad-shJIP1 and treated with TSA or vehicle control for 24 h. Protein homogenates were then incorporated into an in vitro binding assay with polymerized microtubules. TSA treatment led to robust binding of JIP1 and KIF5A to polymerized microtubules (Fig. 5B) . In contrast, in NRVMs in which JIP1 expression was knocked down with Ad-shJIP1, KIF5A microtubule binding was nearly abolished. Similar results were obtained employing homogenates from NRVMs treated with the class I HDAC inhibitor, MGCD0103 (Fig. 5C ).
JIP1 knockdown alters microtubule morphology but does not block cardiomyocyte hypertrophy
Next, experiments were performed to further explore the relationship between JIP1 and microtubules in cardiomyocytes. Indirect immunofluorescence failed to reveal overt difference in microtubule morphology in unstimulated or PE-treated NRVMs in which JIP1 expression was reduced by Ad-shJIP1 compared to control cells (Fig. 6A) . However, knockdown of JIP1 did appear to shift acetyl-α-tubulin from a predominantly perinuclear localization to a more diffuse distribution within NRVMs, and this was particularly evident upon stimulation with PE (Fig. 6B, lower right-hand corner) . However, despite this difference, JIP1 knockdown had no impact on PE-mediated hypertrophic growth of NRVMs, and did not reduce agonist-dependent expression of the prohypertorphic marker gene, Nppa ( Fig. 6C-E) .
JIP1 alters autophagy in cardiomyocytes
JIP1 regulates axonal transport of autophagosomes in neurons [28, 29] . To begin to address whether JIP1 regulates autophagy in cardiomyocytes, we monitored levels of the autophagosome adaptor protein LC3 in NRVMs. JIP1 knockdown led to a pronounced reduction in basal levels of LC3-II, which is the autophagosome membrane-bound form of the protein (Fig. 7A and B) . Starvation led to an increase in LC3-II abundance in both control and JIP1 knockdown NRVMs. However, since the pre-starvation amount of LC3-II was reduced by JIP1 knockdown, the magnitude of starvation-induced LC3-II accumulation in these cells was less than in controls. These findings suggest a regulatory role for JIP1 in the control of cardiomyocyte autophagy.
Discussion
HDACs and HDAC inhibitors have long been known to regulate cardiomyocyte hypertrophy and expression of pro-and anti-hypertrophic genes in the heart. However, little is known about the impact of HDAC inhibition on the regulation of cardiac genes that control processes other than cell growth. Here, we describe a novel role for HDACs, class I HDACs in particular, in the control of a regulatory circuit that is known to govern intracellular transport of cargo such as mitochondria and autophagosomes. HDAC inhibition leads to induction of the gene encoding JIP1. JIP1 in turn promotes expression of the KIF5A motor protein and enhances the ability of KIF5A to engage polymerized microtubules (Fig. 7C) , thus setting the stage for dynamic alterations in organelle movement along microtubules in cardiomyocytes.
We initiated the current studies because of our prior demonstration that HDAC inhibition potently suppresses phosphorylation of JNK in cardiomyocytes [22] . We hypothesized that HDAC inhibition blocks JNK phosphorylation by altering expression of JIP1, since JNK signaling is sensitive to JIP1 levels [25] . Indeed, the kinetics of JIP1 induction upon HDAC inhibition correlated well with blockade of JNK phosphorylation (Fig. 1F) . However, while overexpression of ectopic JIP1 reduced JNK phosphorylation (Fig. 2C) , JIP1 knockdown failed to rescue JNK phosphorylation in HDAC inhibitor-treated NRVMs (Fig. 2D) . Thus, the mechanism by which HDAC inhibition blocks JNK phosphorylation in NRVMs does not involve JIP1 and remains unknown.
The function of JIP1 in striated muscle is poorly understood. Work published over 15 years ago showed that transient transfection of a JIP1 expression plasmid into NRVMs reduced expression of luciferase reporter genes under the control of promoters from genes (e.g. Nppa) that are activated during hypertrophy [30] . In a model of simulated myocardial infarction induced by metabolic inhibitors, adenovirus-mediated overexpression of JIP1 was shown to blunt apoptosis of cultured adult rabbit cardiomyocytes in a manner that correlated with reduced JNK phosphorylation [31] . In skeletal muscle, adenoviral-mediated overexpression of JIP1 prevented degeneration of tibialis anterior muscles in the mdx:Myo−/ − mouse model of muscular dystrophy [32] . We did not observe a difference in PE-mediated induction of endogenous Nppa expression in JIP1 knockdown cells versus control NRVMs, and reducing JIP1 expression did not overtly alter agonist-dependent hypertrophic growth of cardiomyocytes or cell viability (Fig. 6) . Thus, the possible involvement of JIP1 in cardiomyocyte hypertrophy and/or death awaits further investigation.
JIP1 function is better understood in the brain. In neurons, JIP1 binds kinesin heavy chain motor proteins to promote transport of cargo along microtubules. JIP1/kinesin-regulated cargo includes amyloid beta precursor protein-positive vesicles, synaptic vesicles and mitochondria [27, [33] [34] [35] . Furthermore, JIP1 regulates axonal transport of autophagosomes [28, 29] . It is interesting to note that autophagy in the heart is highly sensitive to HDAC inhibition [8, 36] , suggesting a possible role for JIP1 in the control of cardiac autophagic flux. Consistent with this, we found that JIP1 knockdown in NRVMs diminished the level of LC3-II, which is involved in the formation of autophagosomes (Fig. 7) . These findings suggest that JIP1 plays a previously unrecognized role in the control of autophagy in the heart.
The mechanism by which HDAC inhibitors stimulate JIP1 expression may involve the transcriptional repressor RE-1 silencing transcription factor (REST). In transfected pancreatic β cells, REST potently suppressed expression of islet-brain 1 (IB1), which is the rat and human homologue of JIP-1, by direct binding to the IB1 promoter [37] . REST is known to repress gene expression through recruitment of HDACs to regulatory elements and, consistent with this, TSA was able to derepress the IB1 promoter in a variety of cell types [37, 38] . Thus, it is possible that REST:class I HDAC complexes suppress JIP1 expression in NRVMs.
JIP1 can regulate JNK function through a variety of mechanisms, which include functioning as a scaffold for MAP2Ks, MAP3Ks and dual specificity phosphatases [39] . The mechanism by which HDAC inhibitors stimulate KIF5A expression via JIP is unlikely to involve JNK, since JNK phosphorylation is nearly abolished in HDAC inhibitor-treated cells (Fig. 1) . The cytoplasmic localization of JIP1 (Fig. 2B) , coupled with the presence of SH3 and PTB protein-protein interaction modules within JIP1, leads us to posit that the scaffold potentiates JNK-independent signaling events that activate downstream transcriptional effectors of the Kif5a gene.
Whether class I HDAC-mediated control of KIF5 via JIP1 occurs in non-cardiac cells is unknown. Given the link between KIF5A mutations and disorders such as hereditary spastic paraplegia [40] , as well as the recent demonstration the KIF5A expression is reduced in brains of patients with multiple sclerosis [41, 42] , it is intriguing to speculate that the findings presented here have relevance to neurodegenerative diseases. Furthermore, the existence of four FDA-approved HDAC inhibitors suggests an avenue for pharmacological manipulation of the HDAC/JIP1/KIF5A axis to treat cardiac and non-cardiac diseases in humans.
Conclusions
HDACs are promising therapeutic targets for the treatment of pathological cardiac hypertrophy and fibrosis. Increased understanding of the molecular consequences of HDAC inhibition in cardiac cells will facilitate clinical translation of HDAC inhibitors for the treatment of heart failure. The findings presented here highlight a role for HDACs in controlling expression of a MAP kinase scaffolding protein, JIP1, which feeds forward to stimulate expression of a kinesin motor protein that regulates microtubule trafficking. There is a paucity of information about JIP1 function in cardiomyocytes, and it is derived from two papers that were published near the beginning of the 21st century. Based on the data provided here, additional evaluation of the interplay between JIP1 and HDACs in the heart is warranted. JIP1 knockdown alters autophagy in cardiomyocytes. (A) NRVMs were infected with adenovirus encoding non-targeting control shRNA (Ad-shControl) or an shRNA targeting JIP1 (Ad-shJIP1). Some cells were subjected to starvation, as described in the Materials and methods section. Whole cell homogenates were subjected to immunoblotting with the indicated antibodies. A representative immunoblot is shown. (B) The impact of JIP1 knockdown on LC3-II levels was quantified by densitometry. *P < 0.05 vs. Ad-shControl (minus starvation); #P < 0.05 vs. Ad-shControl (plus starvation). (C) A model depicting the mechanisms by which class I HDACs and JIP1 promote binding of the KIF5A motor protein to microtubules and alter transport of cargo along microtubules. JIP1 is necessary for HDAC inhibitor-mediated induction of KIF5A, but is not sufficient to induce KIF5A on its own. This indicates that another HDAC inhibitor-inducible factor(s), depicted as a question mark, contributes to JIP1-dependent KIF5A expression. qPCR  JIP1  5′-CCA CGC TCA ACC TTT TCC C-3′  5′-AGA TAT GTT CAT GTG GAG GCG-3′   KIF5A  5′-AGG TGC TGA ATG GAC TGA TG-3′  5′-ACC TCT GAC TTG ATC TTG CTG-3′   KIF5B  5′-ACG AGT CTG AAG TGA ACC GC-3′  5′-GCT TGG ACG CAA TCA TCA CC-3′   KIF5C  5′-CCA GGA TCG CAC ACG ATA TT-3′  5′-ACG TCA 
